Consequences of near-fault ground motions to strength reduction factors of flexible-base multi-story structures are addressed by employing synthetic pulses. For this purpose, three non-dimensional parameters are adopted as the key parameters of interacting systems: (1) nondimensional frequency as the structure-to-soil stiffness ratio, (2) aspect ratio of the superstructure and (3) structural ductility. The soil and superstructure are idealized as homogeneous elastic half space (Cone model concept) and nonlinear shear building, respectively. A deep sensitivity analysis is carried out to elucidate the impacts of various parameters on strength reduction factors of multi-degree-of-freedom (MDOF) structures considering Soil-Structure Interaction (SSI) effects. It is confirmed that pulse period extremely affects the trend of strength reduction factors while interacting parameters influence this trend at various pulse periods. Moreover, findings of this study demonstrate that amplification factors of equivalent flexible-base single-degree-of-freedom (SDOF) structure are highly impressed due to pulse period effects and interacting factors impose great changes to variations of amplification factors with respect to pulse periods.
Introduction
The ductility-based earthquake resisting design approach is one of the most customary techniques used by structural engineers. In this approach, it is assumed that structures can undergo inelastic deformation to some allowable extent, which is calculated considering the structural ductility, and that the seismic energy of strong ground motions will be dissipated as a result. Hence, design forces are mitigated due to nonlinear deformations arising from structural ductility demand. The concept of the strength reduction factor refers to the ratio of the elastic base shear capacity to the yield base shear capacity of the structure for a given specified structural ductility. Therefore, engineers can take advantage of strength reduction factors to determine yield base shear of structures for design purposes. Note that strength reduction factor is conceptually different from response modification factor as well as behavior factor, adopted in ASCE/SEI7-10 and EC8, respectively (ASCE/SEI7-10, 2010; Eurocode 8, 2004) . However, these quantities are related to the strength reduction factor by the strength factor.
The serviceability limit state is separated from the collapse limit state by two design earthquake levels with different probabilities of occurrence. However, this study is not concerned with the issue of damage control (serviceability). It focuses only on design for safety against collapse during strong near-fault earthquakes. In order to derive design base shear capacity, story ductility, μ, are used to derive ultimate or yield base shear, V y , using strength reduction factors, R μ , as shown in Fig. 1 . Then, yield base shear are reduced to elastic design base shear, V d , employing over strength factor (Ω d ).
The two following equations can be used to reach elastic design base shear:
Many investigations were dedicated to theory and application of strength reduction factors. Newmark and Hall (1973) revealed that strength reduction factors considerably rely on the structural ductility and initial period of SDOF structure. Riddell and Newmark (1979) found that it may be overestimated to employ an Elastic Perfectly Plastic (EPP) system to determine strength reduction factors. Elghadamsi and Mohraz (1987) disclosed that diminution in linear forces of structure might be less important on rock field in comparison with alluvium site in a specified structural ductility. Peng et al. (1988) demonstrated that inverse of strength reduction factor may be higher for the short-and medium-period structures than long-period ones. Krawinkler and Nassar (1990) revealed that strength reduction factors are independent of epicentral distance and those are slightly responsive to hysteretic model of the structure. Krawinkler and Rahnama (1992) clarified that site conditions may have extreme impacts on strength reduction factors for soft sites. Miranda (1993) explained that earthquake magnitude has insignificant influences on strength reduction factors. Such studies, enumerated above, have been conducted on fixed-base structures and the considerable effects of soil beneath the structure have been ignored.
Ground motions containing large pulses can have drastic influences on strength reduction factors. Forward directivity and fling step effects are two primary characteristics of nearfault ground motions which have been observed in many earthquakes. Forward directivity arises from forward rupture fault in which velocity of fault rupture is similar to that of site. Forward directivity exhibits long-period and large-amplitude pulse in actual ground motion (Fig. 2a) (Somerville, 1998) . Forward directivity exhibits destructive impacts on structures subjected to actual near-fault ground motions (Somerville, 1998) . Fling step is due to static deformation of fault and manifests a permanent offset in ground displacement time history (Fig. 2b) . The forward directivity effect is mostly considerable when fault-normal slippage takes place. In the contrary, fling step typically emerges as a result of faultparallel movements. Hence, these two pulse types usually are not interfered by one another (Abrahamson, 2001) . Ground motions containing such pulses are deemed to inflict large amounts of seismic energy on the structure. Previous studies clarify that high-velocity pulses are able to impose severe nonlinear demands on multistory structures (Hall et al., 1995) . Alavi and Krawinkler (2004) have revealed that structures with medium periods also are exposed to undergo large nonlinear seismic demands. Kalkan and Kunath (2006) made attempts to address the consequences of near-fault ground motions including fling step and forward directivity effects. As well, artificial sine pulses were used to produce fling step and forward directivity input excitation and the results were examined comparatively. Sehhati et al. (2011) studied the structural response of multi-story structures to near-fault ground motions including forward directivity pulses. Also, a period range was proposed in which equivalent forward directivity pulses are capable to predict structural demands subjected to original ground motions with reasonable accuracy. Besides, many researchers have made the effort to idealize near-fault records using simple pulses representing primary records (Sasani and Bertero, 2000; Menun and Fu, 2002; Mavroeidis and Papageorgiou, 2003) . For instance, Sasani and Bertero (2000) employed sinusoidal functions to simulate both fling step and forward directivity pulses. Menun and Fu (2002) offered a mathematical expression whose coefficients were derived from a nonlinear regression analysis for a particular near-fault record. Mavroeidis and Papageorgiou (2003) suggested a trigonometric function whose parameters were numerous in comparison with other investigations.
Past studies show that the presence of soil underneath the superstructure can considerably affect seismic structural demands. The interacting system has a longer natural period and mostly higher damping ratio, due to flexibility and supplemental damping of soil (i.e. radiation and material damping), respectively (Wolf, 1985) . Elastic response of soil-structure system has been studied by many researchers (Chopra and Gutierrez, 1974; Novak, 1974; Veletsos and Nair, 1975) . Perez-Rocha (2003), (2005) examined the effects of SSI on nonlinear behavior of a SDOF oscillator. FEMA 450 (2003) suggests a modification factor to include SSI effect on design of new buildings. Such modification factor was obtained by amending the strength reduction factors due to SSI effects. Ghannad and Ahmadnia (2006) revealed that SSI effect can impose considerable changes on both ductility and strength demand of superstructure. Aviles and Perez-Rocha (2011) proposed a technique to remove rigid body motions of foundation from global demand of soilstructure system for design purposes. As discussed earlier, both near-fault and SSI effects have undeniable contribution to seismic demands of soil-structure systems. So, it is required to study the consequences of pulse period of near-fault motions as well as SSI effects on strength reduction factors of structures. The present study attempts to elucidate near-fault effects on the strength reduction factors of soil-MDOF structure systems. Soil-MDOF structure systems employed herein comprising soil model, hysteretic behavior of structure, and geometric properties of superstructure are comprehensively described. Some sinusoidal functions are adopted to represent fling step and forward directivity features of input ground motions (Kalkan and Kunath, 2006; Sasani and Bertero, 2000) . Primary aim of this paper is to shed light on the effects of pulse-to-fixed-base structure period ratio on the strength reduction factors of soil-structure system. Moreover, SSI effects on the trend of strength reduction factors are examined elaborately by variations of key interacting parameters. In addition, higher-mode effects are studied comparing the results of equivalent soil-SDOF structure system with those of primary soil-MDOF structure system.
Soil-strucutre model
As shown in Fig. 3 , the soil-structure model consists of an n-story building and a foundation resting on soil medium. The structure is modeled as a nonlinear shear building with equivalent circular plan. m i , I i , k i , and c i stand for the mass, the mass moment of inertia around its geometric center, stiffness and damping in the ith story, respectively. The geometric features of all stories are assumed to be identical. The story height and the effective load (including dead and live loads) are taken equal to 3.3 m and 10 kN/m 2 as for typical buildings. The foundation is treated as a circular rigid disk and flexibility of the foundation is ignored. The mass and mass moment of inertia of the foundation is denoted by m 0 and I 0 , respectively. The foundation mass is considered so that foundation uplift does not occur due to design earthquake load according to ASCE7-10, and with regard to the practical relationship between the ratio of m 0 and total mass of structure, M, for typical buildings (ASCE/SEI7-10, 2010) . In this case, 0.2r m 0 /Mr 0.5 is chosen for the studied structures. A Fig. 2 . Simplified pulses: (a) fling step pulse, (b) forward directivity pulse (Sasani and Bertero, 2000; Kalkan and Kunath, 2006; Hall et al., 1995). lumped-mass parameter model is adopted to incorporate SSI. The soil underlying the foundation is regarded as an elastic homogenous half-space and substituted with a simplified 3-DOF system on the basis of Cone model concept along sway and rocking directions. Cone model was proposed by Meek and Wolf (1993) and Wolf (1994) in order to avoid carrying out time-consuming and laborious analyses. In comparison with the more rigorous numerical methods, the Cone model requires only simple numerical manipulation with reasonable accuracy in engineering practice (Wolf, 2004) . The Cone model is based on the assumption that the interaction mechanism can be estimated approximately by a truncated semi-infinite cone.
The horizontal (sway), s, and the rocking, φ, degrees of freedom (DOFs) are presented corresponding to translational and rotational motions of the foundation, respectively. u s and φh n indicate the horizontal displacement components caused by sway and rocking motions of the foundation measured at roof level. u n represents displacement component associated with inter-story shear deformations in the superstructure. To consider the frequency-dependent rotational spring and dashpot coefficients, an additional internal rotational DOF, θ, is assigned to a polar mass moment of inertia, m θ , and connected to the foundation node using a rotational dashpot. In the case of nearly incompressible soil (0.33 o υ o 0.50), two features are enforced into the soil model: (a) the axial-wave velocity, V a , is limited to 2V s , (b) a trapped mass moment of inertia, ΔM φ , associated with soil, which moves as a rigid body in the same phase with the foundation rocking motion, is assigned to the foundation node as denoted in Fig. 3 . ΔM φ is added to I 0 for the soil with Poisson's ratio greater than 0.3 (Wolf, 2004) . The coefficients of springs and dashpots for the sway and rocking motions are computed using the following formulas (Meek and Wolf, 1993; Wolf, 1994 Wolf, , 2004 :
The above-mentioned equations only apply to linear soilfoundation interaction because nonlinear rocking behavior is not considered. The parameters used in the equations are defined as follows:
υ: Poisson's ratio of soil which depends on the value of shear-and compression-wave velocity. ρ: mass density of soil which also depends on shear-wave velocity and is assumed to be 2.35 for shear-wave velocity greater than 750 m/s and 1.95 t/m 3 for less than 750 m/s. r: radius of circular rigid foundation. V a : axial-wave velocity. V s : shear-wave velocity.
In order to incorporate material damping of soil, non-linear hysteretic damping is represented using frictional elements. Meek and Wolf (1994) demonstrated that non-linear-hysteretic damping independent of frequency is more appropriate and may be realized by introducing frictional elements which permit causal analysis in the time domain. In this research, frictional elements are intended for use in solving soilstructure problems and the soil material damping ratio, ξ Soil , is considered 5%. The hysteretic behavior of each story is idealized by bilinear pattern with strain hardening ratio of 0.05. The nonlinearity in the superstructure is described based on structural ductility assuming 2, 4 and 8. Herein, for each soil-structure system under each ground motion record, story ductility is calculated as maximum story drift divided by yield story drift in the specified story along height of the structure.
Then, structural ductility is defined as peak value of the calculated story ductility demands which can occur at any story. Periods corresponding to fixed-base structures with Fig. 5 . 5% damped elastic response spectra for fling step and forward directivity pulse (Kalkan and Kunath, 2006; Hall et al., 1995) . Fig. 6 . Yield base shear of soil-MDOF structure systems normalized by structure weight versus T p /T fix for (a) fling step pulse (b) forward directivity pulse (μ¼ 2, S¼ 3). different heights are calculated using recommended formulas given in ASCE/SEI7-10 for different types of lateral resisting systems. 5, 15, and 25-story buildings, as low-, medium-, and high-rise buildings, respectively are considered. Their corresponding fundamental fixed-base periods are calculated 0.7 s, 1.5 s, and 2.3 s, respectively considering mean of the periods calculated on different suggested formulas specified to various lateral force resisting systems. Also, stiffness is distributed over the height of structure corresponding to the distribution of lateral load based on ASCE/SEI7-10 guidelines. Accordingly, lateral stiffness and yield strength along the structure height are distributed nonuniformly. The vertical distribution factor is computed as suggested by ASCE/SEI 7-10 standard. Thus, the story shear at any level (ith story) can be determined using the following equation:
C vi and V b stand for vertical distribution factor and base shear, respectively. w i and w j denote the portion of total effective weight of the structure assigned to the level i and j, respectively. h i and h j represent the height from the structure base to the level i and j, correspondingly. k indicates an exponent related to the structure period. k is assumed equal to 1 for structures with a period of 0.5 s or less, 2 for structures having a period of 2.5 s or more, and a linear interpolation is required for structures with periods between 0.5 and 2.5 s. Vertical distribution of the stiffness and yield strength are based on the vertical distribution factor, C vi . Accordingly, the stiffness and yield strength at any level (ith story) can be calculated using the following equations:
k b is the stiffness associated with the base story which is computed according to the specified natural period of the fixed-base structure. V yb is the yield strength corresponding to the base story that can be obtained from an iterative procedure in order to reach the target structural ductility. By this way, the stiffness and strength quantities are distributed along height of the structure based on ASCE/SEI 7-10 standard so that it approximately complies with those of real structures. Viscous damping ratio of the system is determined based on Rayleigh damping concept and the damping ratio corresponding to each mode is assumed 5%. The analysis includes a sufficient number of modes to obtain a combined modal mass participation of at least 90% of the actual mass based on ASCE/SEI7-10. Therefore, upper period, used in order to calculate Rayleigh damping coefficients, corresponds to the fundamental fixed-base period and lower period complies with the last mode providing cumulative modal mass participation factor of at least 0.9.
The seismic demands of soil-structure system depend primarily on geometric and dynamic features of super-structure, soilfoundation properties and input excitation. It is revealed that SSI effects can be best characterized by non-dimensional frequency and aspect ratio parameters (Ghannad et al., 1998; Veletsos, 1997) . In order to study the effects of soil flexibility condition, a non-dimensional frequency parameter, a 0 , is introduced as an index for the structure-to-soil stiffness ratio.
where h n represents total height of the superstructure. ω fix corresponds to circular frequency of the fixed-base structure. This index can have values of up to 3 for ordinary structures located on very soft soils, while values close to zero are representative of nearly fixed-base structures. In this study, values of 0, 1, 2, and 3 are assigned to this parameter in order to cover the different intensities of soil flexibility. Aspect ratio is also expressed as the ratio of total structure height to foundation radius:
Aspect ratio reflects slenderness of the superstructure. In this paper, S is assumed to be 1, 2, 3 and 4 to cover a wide range of aspect ratios.
The (n þ 3)-DOF soil-structure model used herein is capable to be analyzed directly in time domain. The numerical model has been analyzed by direct step-by-step integration, using β-Newmark method. To achieve this aim, MATLAB code is developed to analyze the system (MATLAB software, 2011). As the base input excitation, 22 acceleration time histories are used as the representatives of near-fault ground motions based on the simplified pulses with different pulse periods presented in forward (Section 3) to include the effects of fling step and forward directivity.
This investigation is conducted using the three key nondimensional parameters μ, a 0 and S to represent structures with different number of stories. First, the elastic base shear of structure is calculated assuming that structure remains in linear range. Then, yield base shear is computed by iteration in order to reach the target structural ductility in the soil-MDOF structure system within 1% of accuracy when subjected to the selected acceleration time history. Consequently, the Fig. 8 . R μ of soil-MDOF structure systems with structural ductility ratio of 2 and aspect ratio of 3 versus T p /T fix ratio for (a) fling pulse (b) forward directivity pulse (μ¼ 2, S¼ 3). strength reduction factors are computed by dividing the yield base shear by the elastic base shear.
In this research, to obtain amplification factor and gain a reliable insight into higher-mode effects on response of soilstructure systems, the equivalent soil-SDOF structure system is defined based on the recommendations of FEMA 440 (2005) . The equivalent soil-SDOF structure system is described based on first mode properties of soil-MDOF structure system. The equivalent soil-SDOF structure system is illustrated in Fig. 4 . m e stands for the equivalent mass that is equal to the total mass of superstructure. k e specifies the equivalent stiffness and is calculated using following equation:
where T e denotes the period related to first mode of soil-MDOF structure system. h e represents the equivalent height and is assumed to be 0.7h n .
Simplified pulses used in this study
The main goal of this study is to clarify salient effects of near-fault ground motions on the strength reduction factors of nonlinear soil-MDOF structure systems. To accomplish this goal, pulse time histories should be selected properly to enable credible conclusions to be drawn. It is intended to adopt simple sinusoidal pulses in lieu of actual near-fault records. Such synthetic pulse models were used previously by Sasani and Bertero (2000) for the first time and later by Kalkan and Kunath (2006) . It is unreasonable to expect that synthetic pulses can exhibit entire characteristics of actual records thoroughly, especially for complicated frequency-content ground motions (such as ground motions with multi-peak velocity spectra). However, Sasani and Bertero (2000) and Alavi and Krawinkler (2004) showed that simple pulses can conditionally be used to capture the outstanding response properties of structures subjected to near-fault ground motions. Alavi and Krawinkler (2004) investigated effects of near-fault ground motions on frame structures by employing both actual records as well as idealized mathematical pulses. It is concluded that salient features can be sufficiently captured using these pulses. Kalkan and Kunath (2006) used the same sinusoidal functions as used in this study. The similarity of the results of mathematical models with those of actual records revealed that these pulse models reflect the higher-mode effects on structures with reasonable accuracy (Kalkan and Kunath, 2006) .
Idealized pulses used in this study are described by sinusoidal functions as represented in Fig. 2 . Fig. 2a illustrates a fling step type of motion where the ground motion exhibits a static offset at the end of the displacement time history (two consecutive humps, one positive and one negative), while Fig. 2b indicates a forward directivity type of motion (three successive incursions, two positive and one negative). As displayed in Fig. 4 , the duration of the forward directivity pulse is assumed to be 1.5 times the duration of the fling pulse. Kalkan and Kunath (2006) also adopted such assumption in their analysis. Alavi and Krawinkler (2001) investigated the effects of forward-directivity pulse durations. Their study does not include further scrutiny of various durations and implies that the used pulse-type for forward directivity in the present study can be a representative of a Fig. 9 . R μ ratios of fling to forward directivity pulse versus T p /T fix ratio (μ¼2, S¼3).
variety of pulse-type ground motions of different durations. Parametric study is a persuasive motive to use such mathematical pulse models instead of actual ground motions. To fulfill the objective of performing a deep sensitivity analysis, pulse period is selected as the fundamental input parameter of simplified sinusoidal pulses. The 5% damped elastic spectra of acceleration, velocity, and displacement of the pulse models are illustrated in Fig. 5 . It should be noted that these spectra are normalized by their respective maximum timehistory values. It is noted that the velocity and displacement spectra for a forward directivity pulse is more detrimental in comparison with a fling step pulse. Even though the pulse period of motion corresponds closely to the maximum value of velocity response spectrum herein, it is not true in all cases of actual near-fault ground motions (Kalkan and Kunath, 2006) . This can happen in the case of ground motions with complex frequency contents. Also, Baker (2007) suggested that the proposed pulse period measured by wavelet analysis may be more closely correlated with magnitude than the pulse period values determined using peaks of velocity spectra. So, the pulse period obtained from velocity spectra can be completely different from the one extracted from wavelet analysis for multiple peak velocity spectra.
In this research, the ratio of pulse to the fundamental period of fixed-base structure (T p /T fix ) is varied from 0.5 to 1.5 by increments of 0.1. This range is in complete conformity with the range within which near-fault effects can be replaced by idealized pulses and the salient properties of structural response can be captured with reasonable approximation. This range is suggested as 0.375oT fix /T p o3 and 0.38oT fix /T p according to Alavi and Krawinkler (2004) and Ghahari et al. (2010) investigations, respectively. In the present study, T fix /T p varies in the range from 2/3 to 2 which is very close to aforementioned ranges and high-frequency ground motions can be ignored. Fig. 10 . R μ of soil-MDOF structure systems for various aspect ratios versus T p /T fix ratio for (a) fling step pulse (b) forward directivity pulse (μ¼ 4, a 0 ¼2).
Strength reduction factors of soil-MDOF structure systems
Strength Reduction Factor (R μ) , μ stands for specified structural ductility, is used as the primary seismic coefficient. In addition, yield base shear normalized by structure weight is considered to gain a better understanding of variations in the strength reduction factors. As mentioned previously, the responses of soil-structure systems mainly depend on two key parameters of non-dimensional frequency, a 0 , and aspect ratio, S. It should be noted that non-dimensional frequency demonstrates the intensity of soil-structure interaction and higher values of non-dimensional frequency indicate more interaction between soil and structure. Fig. 6 illustrates normalized yield base shear, for aspect ratio of 3 and structural ductility of 2. The graphs in the left and right pertain to fling step and forward directivity pulses, respectively, with the values of a 0 varying from 0 to 3. The horizontal axis displays the ratio of pulse period to fixed-base structure period (T p /T fix ). As it is can be seen from Fig. 6 , SSI effect reduces the normalized yield base shear of nonlinear soil-MDOF structure system for all values of T p /T fix due to overall stiffness reduction of the system. The shift in graphs toward right is due to the elongation of the soilstructure system period with increasing a 0 . The softer soil results the greater elongation of period.
It should also be noted that increase of structure height from 5-to 25-story results in the normalized yield base shear decreasing for low T p /T fix ratios (Fig. 6) . To compare the effects of fling step and forward directivity pulses on normalized yield base shear at various T p /T fix ratios, the ratios of yield base shear of fling step pulse to that of forward directivity pulse (denoted by V y ratio) are presented in Fig. 7 for aspect ratio of 3 and structural ductility of 2. Forward directivity effects are more serious than fling step for T p /T fix ratio of Fig. 11 . R μ of soil-MDOF structure systems for various non-dimensional frequencies versus T p /T fix ratio for (a) fling step pulse (b) forward directivity pulse (μ¼ 8, S¼ 3).
smaller than 1 in fixed-base structure (a 0 ¼ 0) while fling step effects are predominant elsewhere. The SSI effect inverts this trend so that effects of fling pulses increase at the T p /T fix ratios smaller than 1 while the effects of forward directivity intensify at T p /T fix ratios greater than 1. Fig. 8 represents strength reduction factors, R μ , for aspect ratio of 3 and structural ductility of 2. First, for fixed-base structures when a 0 is equal to 0, the value of R μ ¼ 1 is demonstrated in the long-period region of the spectrum (low values of T P /T fix ). This result is completely in agreement with Krawinkler and Nassar (1990) who concluded that for long-period structures the strength reduction approaches 1. This Figure illustrates that R μ curves shift gradually down and to the right as a 0 increases. The shift in graphs toward right is due to the elongation of period occurring in the soil-structure system with increasing a 0 . Also, downward shift is due to the increase in the damping ratio of the overall system. Period ratios, corresponding to the peak values of R μ , nearly coincide, especially in the case of fling step, when the horizontal axis is replaced with the ratio of pulse period to period of the soil-structure system (T ssi ). This implies that variations of R μ depend on T p /T ssi rather than T p /T fix in soil-structure systems.
In addition, results show that base shear in flexible-base condition is less than that of fixed-base structure when the system is subjected to pulses with T p /T fix E 1. As expected, this threshold period ratio is very close to 1, which is the theoretical limit of activation of higher-mode effects by pulse periods. The results show that the more flexible the base, the greater the difference between required base shear of fixedbase and flexible-base structures. In fact, an increase in a 0 makes the structure, designed on the fixed-base assumption, over-design before the threshold period ratio and the required base shear decreases in a specified structural ductility demand ratio. After this threshold period ratio, the variation trend is not constant, but in some cases, the SSI effect increases R μ , which aggravates the required base shear. Otherwise, the design of a structure assuming a fixed-base for this case can be under design. Another important point is that R μ is close to 1 for some cases (e.g. low T p /T fix ratio especially for a 0 ¼ 3 and forward directivity pulse) which shows that the behavior of structure is elastic for these cases.
A comparison of the fling step graphs on the left and the forward directivity graphs on the right in Fig. 8 gives good insight into the effects of these pulses on R μ . The fling step graphs have an ordered trend and distinctive peaks while the forward directivity graphs are more erratic and the peak values are less spiked. This suggests that forward directivity has more complex frequency content (double momentum), and that this makes the graphs more erratic for high-rise structures (15 and 25-story buildings). Furthermore, based on Kalkan's investigation (2006) on fling step pulses, the structural responses depend more on the first mode of structure and forward directivity pulse activates much higher modes (Kalkan and Kunath, 2006) . To compare the effects of fling step and forward directivity pulses on R μ at various T p /T fix ratios, the ratio of R μ under fling step to that of forward pulse are depicted in Fig. 9 when aspect ratio and structural ductility are set equal to 3 and 2, respectively. In this Figure, R μ ratios are erratic at various T p /T fix ratios and there is no specific trend, but it should be noted that R μ is less sensitive to T p /T fix variations when the SSI effect increases.
Another important parameter in soil-structure systems is aspect ratio. Fig. 10 represents R μ for a 0 ¼ 2 and μ ¼ 4. The effect of aspect ratio of the structure on strength reduction factors is depicted in Fig. 10 . Before the threshold period ratio of 1, the required strength of structure for a specific structural ductility decreases with increasing of aspect ratio. However, the trend is reversed for period ratio greater than 1. For fling step pulse, not only the maximum required base shear increases due to increase in the aspect ratio, but the plot peaks are gradually shifted towards the right. The reason lies in greater elongation of the overall system's period that occurs due to the increase in aspect ratio of the structure. In addition, slenderizing the structure leads to significantly lower values of radiation damping for the soil-structure system which can explain the upward shift in peak values of the graphs. The significant value of R μ for S ¼ 1 and 5-story model could be justified by the small value of aspect ratio in which the rate of radiation damping in the soil-structure is very high especially for structures shorter than 5-stories, in this case.
In Fig. 11 , R μ of soil-MDOF structure system with aspect ratio of 3 and structural ductility of 8 is presented. Unlike the low structural ductility (i.e. 2 and 4) previously shown in Figs. 8 and 10, there is no definite threshold period ratio for higher structural ductility (here 8), and the SSI effect causes a reduction in R μ almost for all T p /T fix ratios. Fig. 12 illustrates the ratio of R μ for fling step to that of forward directivity pulse for aspect ratio of 3 and structural ductility of 8. Unlike low structural ductility which R μ ratios varied erratically, the R μ ratios have a more regular trend for high structural ductility (μ ¼ 8). For fixed-base structures, forward directivity pulses generate larger R μ values than fling step pulses at low T p /T fix ratios (approximately T p /T fix o 1) while the effects of pulses on R μ are inverse at high T p /T fix ratios. Also, the SSI effect causes the fling step pulse to increase relative to forward directivity pulses at low T p /T fix ratios and this effect is opposite at high T p /T fix ratios. Fig. 13 . Ratios of base shear in soil-MDOF structure systems to that of equivalent soil-SDOF systems versus T p /T fix ratio for (a) fling pulse (b) forward directivity pulse (μ¼ 2, S¼ 4).
Amplification factors of soil-SDOF structure systems
To recognize the effects of pulse motions on R μ of soil-MDOF structure systems and higher-mode effects, the equivalent soil-SDOF structure systems are idealized based on FEMA 440 recommendations and R μ is computed. To detect highermode effects in soil-MDOF structure systems, the amplification factor, employed by Santa-Ana and Miranda (2000) , is used to elucidate higher-mode effects in soil-MDOF structure systems. The concept of amplification factor with respect to strength reduction factors were investigated by Santa-Ana and Miranda (2000) for steel moment-resisting frames in fixed-base condition. In this approach, for SDOF structure, the required base shear is determined for a specific structural ductility. This is expressed by the following equation:
V e sdof and V μ sdof correspond to base shears for elastic SDOF structure and inelastic SDOF structure with structural ductility of μ, respectively. Also, R μ stands for the strength reduction factor associated with the SDOF structure. For MDOF structures, the required base shear can be obtained by the subsequent equations:
α m stands for a modification factor to the strength reduction factor of the SDOF structure system to obtain strength reduction factor of the MDOF structure system (Santa-Ana and Miranda, 2000) . The inverse of α m (symbolized by R M ) refers to amplification factor which reflects the higher-mode effects. Fig. 13 shows the results of amplification factor for aspect ratio of 4 and structural ductility of 2 as a function of T p /T fix ratio. It is noted that for fixedbase systems (a 0 ¼ 0), this factor has significant value at lower T p / T fix ratio where the higher modes are more triggered by pulse excitations. This means that the base shear of the soil-MDOF structure system is larger than that of the soil-SDOF system. An increase of T p /T fix ratio makes the higher mode effects decrease. For the SSI effect, three main conclusions can be drawn: (1) amplification factor increases when SSI effect intensifies at lower T p /T fix ratio that manifests higher-mode participation due to SSI effect; (2) the trend of graphs are inverse at higher T p /T fix ratios and SSI effect decrease this factor; (3) effects of forward directivity pulse on this factor is more pronounced than that of fling step at lower T p /T fix ratio and SSI effect amplifies this phenomena. Thus, the forward directivity pulse is more capable of activating higher modes than that of thefling step, especially in the presence of the SSI effect. Fig. 14 illustrates the amplification factors as a function of T p /T fix ratio for an aspect ratio of 4 and a structural ductility of 8. The influence of structural ductility can be obtained by comparing the graphs of Figs. 13 and 14. It can be seen that the amplification factors for high structural ductility (μ=8) are smaller than those obtained for low structural ductility (μ=2). It means that increase in structural ductility reduces the highermode effects and consequently amplification factors decrease at lower T p /T fix ratios. The results can be justified by the fact that periods obtained from a linear modal analysis are sufficiently close to actual nonlinear periods of structures with low structural ductility, and pulse periods are able to well trigger higher modes and so R μ variations are more sensitive to ratio of pulse period to fixed-base period; however, as the structural ductility increases, the nonlinearity effects increases and the actual nonlinear periods of the structure are far from linear modal periods. Therefore, the pulse periods are not close to the actual nonlinear periods of the structure to trigger their corresponding modes and the variations of R μ are less sensitive to pulse periods. It should be noted that the trend of SSI effect Fig. 15 . Ratios of base shear in soil-MDOF structure systems to that of equivalent soil-SDOF systems versus T p /T fix ratio for (a) fling pulse (b) forward directivity pulse (μ¼ 4, a 0 ¼3). for higher structural ductility are similar to that of lower structural ductility.
The influence of the aspect ratio of structure on the amplification factor for a non-dimensional frequency of 3 and a structural ductility of 4 is shown in Fig. 15 . The effects of the aspect ratio on the amplification factors are the same as the non-dimensional frequency. At lower T p /T fix ratios, increasing the aspect ratio reinforces the higher-mode effects and the amplification factor increases. On the contrary, however, at higher T p /T fix ratios, the trend is inverted and the amplification factor decreases.
Conclusions
In this paper, the strength reduction factors of soil-MDOF structure systems are investigated using mathematical pulse models as input excitations which dictate the well-known effects of near-fault ground motions including fling step and forward directivity pulses. The soil beneath the structure is simulated based on the Cone model concept and the MDOF super-structure is modeled as a nonlinear shear building. Structural ductility, nondimensional frequency, and aspect ratio are studied as the key parameters of the soil-structure system.
The results at low ductility ratios demonstrate that the SSI effect decreases the strength reduction factors before a threshold period ratio (T p /T fix ) which is close to 1. In addition, increasing the aspect ratio of the superstructure decreases the SSI effect before the threshold period ratio of 1. However, the trend is reversed after this period. The strength reduction factors versus T p /T fix have a distinctive hump which shift toward right and down for fling step pulses. For high structural ductility, there is no trace of threshold period and strength reduction factors decrease for all T p /T fix ratios. Moreover, forward directivity effects on strength reduction factors are more considerable than those of the fling step at a T p /T fix ratio smaller than 1 and the trend is inversed for larger values of the T p / T fix ratio for fixed-base structures. The SSI effect leads to an increase in the fling effects relative to forward directivity pulses at low T p /T fix ratios and vice versa for high values of T p /T fix ratios.
The results also confirm that the amplification factor is larger at low T p /T fix ratios and the SSI effect increases this factor. It is observed that increasing the aspect ratio of the superstructure intensifies the SSI effect on amplification factors at low T p /T fix ratios and reduces at high T p /T fix ratios too. Furthermore, amplification factors associated with forward directivity pulses are larger than fling step pulses at low T p / T fix ratios. An increase in the structural ductility results in a decrease in the amplification factors, which implies that the capability of pulses to activate higher modes is reduced in such conditions.
